Abstract The control of phytoplankton production by tidal forcing in the Alboran Sea is investigated with a high-resolution ocean circulation model coupled to an ecosystem model. The aim of the modeling efforts was to elucidate the role of tides in sustaining the high biological productivity of the Alboran Sea, as compared with the rest of the Mediterranean subbasins. It is shown that tidal forcing accounts for an increase of phytoplankton biomass and primary productivity in the basin of about 40% with respect to a nontidal circulation, and about 60% in the western Alboran Sea alone. The tidal dynamics of the Strait of Gibraltar is shown to be the primary factor in determining the enhancement of productivity, pumping nutrients from depth to the photic zone in the Alboran Sea. Model results indicate that the biological implications of the propagating internal tides are small. These results imply that nutrient transports through the Strait of Gibraltar have to be parametrized in ocean models that do not resolve tides in order to properly represent the biochemical budgets of the Alboran Sea.
Introduction
The Alboran Sea (AS; Figure 1a ) is the first subbasin that the jet of Atlantic Water (AW) entering through the Strait of Gibraltar (SoG) encounters in its way along the Mediterranean. Its surface circulation is fairly variable in both space and time, but its most typical and classically described configuration is that consisting of the Atlantic jet meandering around and feeding two mesoscale anticyclonic gyres, the so-called Western and Eastern Alboran Gyres (hereinafter WAG and EAG) . Typical velocities along the jet are as large as 1-2 m s
21
, and to a first approximation can be assumed to be geostrophically maintained by the strong density front between the relatively fresh incoming AW and the saltier ambient water (modified AW). As elsewhere in the ocean, such fronts feature a secondary cross-front ageostrophic circulation characterized by large vertical velocities and with potential to sustain high levels of biological productivity [e.g., Spall, 1995; Nagai et al., 2008] .
In biological terms, the AS is one of the most (if not the most) productive subbasins of the Mediterranean [e.g., Uitz et al., 2012] , and there are a number of physical reasons for that. The most obvious one lies in its intense frontal activity and, not surprisingly, field observations and ocean color images reveal enhanced levels of chlorophyll (chl) concentration along the jet [Navarro et al., 2011] . The potential of the frontal jet ageostrophic circulation to sustain phytoplankton production has been further confirmed in the recent processoriented model study by Oguz et al. [2014] . Another important factor is the wind-driven circulation, particularly that forced by westerlies that frequently drive strong upwelling events with associated phytoplankton blooms along the northern shore of the basin [Reul et al., 2005; Mac ıas et al., 2007a] .
There are also several short-scale processes of tidal origin occurring in the SoG that have been put forward to be relevant for the biology of the AS, although their actual impact has not been assessed yet. Of particular concern is the assumed ability of tidal flows to fertilize the surface inflowing waters through the enhancement of vertical mixing, particularly at the west side of the Camarinal Sill (CS in Figure 1b) where the flow undergoes a number of internal hydraulic transitions and high levels of turbulent energy dissipation rates have been measured during the flood tide (westward tidal flow) [Wesson and Gregg, 1994; S anchez-Garrido et al., 2011] . Garc ıa-Lafuente et al. [2013] estimated that as much as 30% of the pool of mixing water formed at the lee side of the sill (west side during the flood tide), a mixture of the nutrient-impoverished AW and the nutrient-rich underlying Mediterranean Water (MW) can overpass the sill with the tidal reversal and subsequently incorporate into the inflow. The likely important biological consequences of this fact was pointed out by these authors as the pool of water in question is rich in nutrients and eventually can reach the photic zone in its way to the AS, which makes it possible its utilization for photosynthesis. Mac ıas et al. [2007b] drew attention to this tidal pumping of nutrients from the sill and analyzed its possible consequences for phytoplankton by applying a simple threelayer, one-dimensional (in the horizontal) model with physical domain restricted to the SoG. Despite the considerable input of nutrients, a very weak phytoplankton response was found, a fact that was attributed to the short residence time of the cells within the channel. The supply of nutrients provided by tides is therefore expected to cause certain growth of phytoplankton further downstream, somewhere in the AS, although its implications for the biology of the basin is not clear.
It is also uncertain how the prominent internal tides generated at the sill [see e.g., Brandt et al., 1996; S anchezGarrido et al., 2011] can affect productivity as they propagate in the AS. In a general context, internal waves can stimulate phytoplankton growth by enhancing vertical diffusive fluxes of nutrients from the ocean interior into the surface mixed layer, especially in shallow areas where wave-breaking occurs [Leichter et al., 1998; Sangr a et al., 2001] . Another way in which waves can affect production is through vertical advection, periodically exposing phytoplankton to different levels of irradiance [Holloway and Denman, 1989] . The potential of this mechanism was explored by Evans et al. [2008] in a series of field experiments conducted in a lake where photosynthesis was light limited, and reported differences of primary productivity (PP) ranging from a 15% reduction up to a 200% enhancement with respect to an unperturbed state, depending on surface irradiance. In the ocean, moderate increases of PP of %9-15%, driven by internal tides, have been reported [Muacho et al., 2013; Pan et al., 2012] .
All these tidally driven processes were not captured by the model simulations conducted so far in the area devoted to investigate different aspects of the physical controls on PP, either by the inevitable coarse resolution applied in basin-scale models of the Mediterranean [Lazzari et al., 2012] , by the exclusion of tidal forcing [Oguz et al., 2014] , or both. The objective of the present paper is to fill this gap and clarify the role that tides play on the high productivity of the AS. For doing so, we employ a circulation model coupled to an ecosystem model that is described in the following section 2. Section 3 describes the experimental strategy that has been followed. Sections 4 and 5 present the model results and analysis, respectively, whereas discussions and conclusions are finally drawn in section 6.
Model Description and Initialization

Circulation Model
The physical model used in this study is the Massachusetts Institute of Technology general circulation model (MITgcm) [Marshall et al., 1997a [Marshall et al., , 1997b , which solves the Boussinesq form of the Navier-Stokes IMPACT OF TIDES ON THE AS PRODUCTIVITYequations for an incompressible fluid on an staggered C-grid with level vertical coordinates and partial cell representation of the bottom topography. In the present work, the model utilizes the hydrostatic approximation as well as an implicit linear free surface formulation which is suitable for open ocean applications, where the free surface displacements are much smaller than the bottom depth.
The model configuration is similar as in S anchez-Garrido et al. [2013] . The domain is shown in Figure 1a together with the model computational grid and bottom topography. The grid is curvilinear and has been squeezed in the AS and the SoG in order to enhance the resolution in these areas. Horizontal resolution is approximately 0.5 km within the strait, which permits a quite good representation of small-scale topographic features and processes in consideration, namely, internal hydraulic jumps with the associated mixing and propagating internal waves. In the AS (specifically within the rectangle of Figure 1a ), cell sizes always lie between 1 and 4 km. Provided that the first baroclinic Rossby radius of deformation is approximately 20 km, the model is set to resolve an important wave number range of its submesoscale dynamic. In the vertical, there are 46 z-levels with increasing cell size from the surface to the bottom.
Following previous model investigations of the flow through the SoG [Vlasenko et al., 2009; S anchez-Garrido et al., 2013; Sannino et al., 2014] , the Richardson-number-dependent scheme of Pacanowski and Philander [1981] is chosen for the parametrization of subgrid-scale vertical mixing:
:
Here m z and j z are vertical eddy viscosity and diffusivity coefficients, m b 5j b 510 25 m 2 s 21 are their background values, and m 0 51:5 Á 10 22 m 2 s 21 , a 5 5, and n 5 1 are adjustable parameters. For the horizontal viscosity, the model incorporates the biharmonic Smagorinsky-like closure scheme of Griffies and Hallberg [2000] with free parameter C 5 3. Temperature, salinity, and the biochemical tracers described later are advected with a third-order direct-space-time scheme with flux limiting to prevent negative values in the solutions [Hundsdorfer and Trompert, 1994] . The scheme is stable and sufficiently diffusive without explicit horizontal diffusion. The integration time step is 12 s.
The model is laterally forced by daily temperature, salinity, and velocity fields extracted from the IberiaBiscay-Ireland Regional Seas reanalysis product of CMEMS (http://marine.copernicus.eu/) [Sotillo et al., 2015] . Initial conditions are obtained from the same data source. At the surface the model is driven by wind stress obtained from advanced scatterometer data (ASCAT), heat fluxes, and freshwater flux originating from precipitation, both obtained from NCEP/NCAR reanalysis [Kalnay et al., 1996] . Downward short wave and long wave radiation are directly prescribed, whereas sensitive and latent heat fluxes are interactively calculated by the model using standard bulk formulas. The above atmospheric forcing fields are different to those used in S anchez-Garrido et al.
[2013] (of less resolution), although likewise they lead to satisfactory results with maximum sea surface temperature biases of the order of 18C. Tidal forcing has been incorporated by prescribing time-dependent barotropic velocities across the open boundaries associated with the main eight tidal constituents. Nonslip conditions are applied at the solid boundaries together with a nonlinear bottom drag at the seafloor.
The described model setup produces a realistic dynamics and circulation of the SoG and the AS that have been validated using different data sources, including ADCP measurements collected in different locations of the SoG, a number of tide-gauge records, and sea surface temperature images. For the validation analysis, the reader is referred to the papers by S anchez-Garrido et al. [2013, 2014] and Sammartino et al. [2014] .
Ecosystem Model
We considered the ecosystem model of Follows et al. [2007] coupled to the circulation model. The ecosystem model is of high complexity and was originally conceived to investigate the self-organization of stochastically generated phytoplankton communities. Our aim here is much simpler and a simplified configuration of the model was therefore adopted. The phytoplankton community consisted of two phytoplankton functional types: a small organism adapted to oligotrophic waters, where regenerated ammonium is the principal form of dissolved inorganic nutrient, and a big phytoplankton better adapted to nutrientrich waters and responsible for most sinking of organic matter. The first phytoplankton type is representative of the small cyanobacteria that are dominant within the oligotrophic gyres of the AS, whereas the second type represents large eukaryotic phytoplankton that are dominant in the vicinity of the density fronts [Arin et al., 2002; Mercado et al., 2005] . The model also incorporates a small and a large zooplankton that preferentially graze on the small and the large phytoplankton, respectively. Provided that our aim was not at investigating biodiversity, no more complexity was added to the model. Phosphate and the inorganic forms of nitrogen (nitrate, nitrite, and ammonium) are the nutrients of the system, which can be both limiting in the AS according to the literature .
The model solves a system of partial differential equations determining the evolution of dissolved nutrients, phytoplankton, zooplankton, and detritus (particle and dissolved organic matters). The governing equation for any biochemical tracer B can be written as
The local tendency of B is then the result of advection and diffusion determined by the circulation model (u is the flow velocity and k the eddy diffusivity coefficient), sinking of the tracer (at velocity w B ), and biochemical reactions denoted by R. For instance, for phytoplankton the term R includes mortality due to grazing by zooplankton, intrinsic mortality, and a growth term depending upon environmental conditions (light, nutrients availability, and seawater temperature [Maillard, 2002] . The rest of the variables, of which we have scarce information, are initialized from few observed vertical profiles or assumed small constant concentration. For this second class of variables, we apply homogeneous Neumann boundary conditions (zero crossboundary gradient; sensitivity runs show that this condition for the unknown tracers improves the model performance in the vicinity of the boundaries with respect to the Dirichlet condition, which requires a guessed boundary value).
Before presenting the model results, two remarks are worth noting. First, the model uses phosphorous as currency for phytoplankton growth and biomass, although we have preferred to use carbon instead throughout the paper for conventionality. The conversion has been made with the Redfield ratio C : N : P 5 106 : 16 : 1. Additionally, and for validation proposes, satellite chlorophyll (chl) data have been used as a proxy of the surface phytoplankton biomass. To facilitate model-data comparisons, the model phytoplankton biomass has been converted to chl concentration by applying a constant chl : C ratio of 1 : 50, in the range of the measured quantities in the zone [Echevarr ıa et al., 2009] . Note, however, that this ratio can actually vary substantially among species and is affected nonlinearly by ambient nutrient, light, and temperatures [see e.g., Geider et al., 1997] . A perfect matching between model and remote sensing observations is not to be expected then, although general spatial patterns should be similar.
Experimental Procedure
In a first experiment, the model is run for 3 years without tidal forcing and with the rest of the forcing fields corresponding to the period 2011-2013. The first year of simulation (2011) is taken as spin-up time and is therefore excluded from the analysis. The aim of this run is to provide a basic circulation and ecosystem state on which later to investigate the role of tides on the ecosystem. It will be referred as the reference experiment (REF) . In a second run, the model includes tides (TID experiment) and their biological implications are evaluated. This run covers only 2.5 months, a subperiod of the REF run. The reason to conduct a shorter run is largely motivated by the fact that tidal forcing makes the model substantially more expensive in computational terms. On the other hand, a period of 2.5 months that encompasses several spring-neap tidal cycles (this cycle is the main source of subtidal variability) is sufficiently long to get an insight on the actual impact of tides on the biology of the AS.
Results
REF Experiment
The results of the REF run are examined in order to assess the ability of the model to reproduce the general circulation and basic biological patterns of the AS. Regional models that do not incorporate tides nor explicitly resolve the exchange flow through the SoG are successful in capturing such basic features [e.g., Lazzari et al., 2012] , thus great discrepancies between model and observations are not expected.
The mean sea surface height (SSH) of the simulation (black contours in Figure 2a ) reveals the presence of both gyres, the WAG and EAG. The WAG has larger size and features greater geostrophic currents than its eastern counterpart, as noted by the sharper cross-gyre SSH gradients. This result stems partially from the fact that the WAG is a rather permanent feature during the simulation, while the EAG exhibits more variability in both size and location (sometimes it is even absent). Figure 2a also displays the 2 year climatology of the surface chl and reflects the oligotrophic nature of the gyres. As expected chl concentration is high in the vicinity of the jet that runs eastward with its axis centered along the SSH 5 0 contour (thick solid line). This is particularly true for the cyclonic side of the frontal jet (to the north of the AS), a pattern that is consistent with a cross-front ageostrophic circulation causing downwelling at the anticyclonic side of the front, and upwelling in its cyclonic side. This creates an overall meridional gradient of chl with increasing concentration to the north of the basin. Additionally, there is a decrease of chl from west to east with the richest area being the northwestern region of the AS (NWAS), in agreement with field and remote sensing observations [see e.g., Sarhan et al., 2000; Reul et al., 2005; Mac ıas et al., 2007a] . Oguz et al.
[2014] attribute the eastward decreasing pattern of chl to the gradual weakening of the density front, and thereby of its potential to fuel phytoplankton production, by accumulative mixing between incoming and ambient waters.
The spatial pattern of the surface chl in the REF run has been compared with remotely sensed chl obtained from the GlobColour Project (http://www.globcolour.info/) [Morel et al., 2007] . They produce ocean color maps (Level-3) by merging data from the sensors SeaWiFS, MODIS, and MERIS. The obtained chl is for case 1 waters where phytoplankton concentration prevails over inorganic particles and the applied algorithm is based on weighted averaging merging techniques. The spatial resolution of the downloaded composite images is 1=48 which consist of 8 day merged fields. The climatology computed during the analyzed period ( Figure 2b ) displays the main features reproduced by the REF run, including the oligotrophic gyres and the biomass-rich NWAS, although with somewhat different characteristics. For instance, the chl-rich region of the NWAS is larger than in the model. Moreover, chl concentration in the WAG is considerably higher than in the EAG, both in its core and specially at the outer edges, and the west-to-east decreasing pattern of chl appears more marked than in the model. Another noticeable difference is observed over the IMPACT OF TIDES ON THE AS PRODUCTIVITYcontinental shelf to the north west of the SoG, where the satellite image shows the greatest chl concentration of the domain (more than 1 mg m 23 ), whereas in the model this area is not particularly rich. These discrepancies are to a great extent due to tides, as we shall see later.
The time variability of the model and satellite chl has been also compared by computing spatial aggregate median values in the basin (Figure 3 ). For the computation, the model outputs were interpolated onto the satellite data grid and the cloud cover mask was applied to the interpolated chl for a more reliable comparison of the two data sets. Satellite chl (box-plot) exhibits a seasonal cycle with minimum values of chl by midsummer and maximum by the beginning of March and reflects the two regimes identified by Garc ıa-Gorriz and Carr [1999] , with a fall-to-spring bloom (November-March) and a nonbloom period (MaySeptember). The model (red line) captures the timing and the duration of these regimes, the agreement being better in year 2013. Less satisfactory is the agreement between the timing of wind-driven bloom events due to westerlies that induce coastal upwelling along the north coast of the AS. An example is the bloom occurring in the model by July 2012 (see zonal wind stress in Figure 4b ) that is not reflected in the observations. Conversely, there are some events of remarkably high chl concentration in the satellite records that are not captured by the model and could be associated with coastal upwelling as well, like the chl peak observed by the end of May 2013. There is then a mismatch in the timing of these blooms that could be ascribed to the coarse resolution of the forcing winds. Nonetheless, this is not of particular concern for the results discussed in this paper that focus on tidal processes.
Another noteworthy characteristic of the AS (and also of the rest of the Mediterranean) is the presence of a permanent deep chl maximum (DCM) with the possible exception of the late winter [Siokou-Frangou et al., 2010] . Its mean depth is about 30 m and it is shallower than in the rest of the Mediterranean, presumably because of the higher productivity and hence lower seawater transparency of the AS. In the model, the maximum concentration of phytoplankton biomass is found at z5234625 m (Figure 4a ), it deepens during summer, and shoals toward the late winter, which is in agreement with the mentioned behavior of the DCM. The most dramatic vertical excursions of the DCM take place, however, during the mentioned upwelling events when, regardless of the season the chl maximum reaches the very surface. According to the model, this occurs by mid-July 2012 and early September 2013 (Figure 4a ).
The last variable examined has been the depth-integrated (net) PP (PP int) . In situ measurements reflect the great variability of the AS in both space and time with estimated PP int ranging in a broad interval, typically between 100 and 300 g C m , and also a small area of the continental shelf northwest of the Strait in which productivity is largely tidally driven (more than twice the REF value). This finding is in agreement with several studies that report the occurrence of intense tidal mixing in this coastal region, leading to a permanent pool of cool and nutrient-rich waters [Vargas-Y añez et al., 2002; Ru ız and Navarro, 2006] . Overall, phytoplankton biomass increases approximately in the same proportion as PP (Figures 5c and 5d ).
Regarding the spatial pattern of chl displayed in satellite images, the inclusion of tides in the TID run results in a spatial distribution that agrees with observations much better than the REF run. Of particular concern is the much enhanced zonal chl gradient reproduced by the TID run (Figure 6b ), which matches much better the west-to-east decreasing pattern of remote sensing images than the REF run (Figures 6c and 6a , respectively; note that a different color scale has been chosen in these panels with the aim to highlight surface chl patterns). The TID run also gives rise to a localized spot of high chl concentration in the aforementioned region of the continental shelf Northwest of the SoG (Figure 6b ), although it is still unable to reproduce the high chl signal along the Spanish coast displayed in the satellite image (Figure 6c ), a fact that we attribute to nutrient loads from the Guadalquivir River that were not prescribed in the model.
Analysis
Here we analyze the candidate physical processes for explaining the tidally driven increase of the AS productivity. First, we assess the hypothesis that tidal flows in the SoG fertilize the Atlantic inflow. The tidal dynamic of the strait is examined and nutrient transports into the AS will be computed for both the REF and TID simulations. Attention will be also paid to other tidal processes with possible biological consequences such as propagating internal waves.
Tidal Dynamics and Nutrient Transports Through the SoG
The configuration of the flow through the SoG as simulated in the REF run is shown in Figure 7 , displaying salinity, velocity, and nutrient concentration (nitrate) along the strait. The flow consists of an undercurrent Figure 7 suggests that the second mechanism is at work 30 km to the east of the sill, in the so-called Tarifa Narrows (TN in inset of Figure 1b) , where the inflow accelerates in response to the constricted lateral boundaries. IMPACT OF TIDES ON THE AS PRODUCTIVITYand reflects important differences with respect to the steady flow configuration described above. The response of the flow to the tidal discharge is the expected for a hydraulically controlled sill flow exposed to a quasi-steady barotropic forcing [Long, 1954; Lawrence, 1993] both upstream (to the right) and downstream (left) of the bottom obstacle (the terms upstream/downstream are with respect to the barotropic flow). In the upstream side, the flow adjusts to the tidal forcing by raising the interface between Atlantic and Mediterranean Waters, in a clear manifestation of upstream influence exerted by the sill, whereas the most noticeable downstream effect is the enhancement of vertical mixing, as noted by the homogenization of both salinity and nutrient concentration over the water column. Such enhanced of mixing is closely related to the increase of the internal Froude number at the downstream side of the sill [S anchez-Garrido et al., 2011] .
The biological implications of the tides are revealed in the subsequent stages of the tidal cycle, when the tidal flow turns to the east (ebb tide; Figures 8b and 8c ). Tidal forcing is sufficiently strong to invert the direction of the Mediterranean current over the sill, temporally facilitating the eastward advection of both NACW and MW, the later returning to the eastern flank of the sill with the tidal reversal (note positive velocities all over the sill crest in Figure 8c ). In fact, Garc ıa-Lafuente et al. [2013] estimate that as much as 30% of the pool of mixed water formed west of the sill during the flood tide, a mixture of NACW and MW, can be subsequently pumped to the near surface in the eastern part of the strait, providing a nutrient supply to the AS. A second way in which tides can fertilize the inflowing waters is through the enhancement of diapycnal mixing to the east of the sill, driven in part by the eastward propagation of the internal tidal bore generated at the sill (note it, for instance, at x 5 22 km in Figure 8c ).
The strong time dependence of the flow is transferred to the nutrient budget of the inflowing waters, as noticed in Figure 9 that shows the time-space dependence of nitrate integrated in the uppermost 94 m of the water column. The maximum nutrient content is periodically reached in Camarinal Sill (x 5 0) around the end of the flood tide as a result of the shoaling of the interface (see Figure 8a ) and moves eastward during the ebb tide at a velocity that can be estimated in 1. Figure 10b ). Note that these discrepancies are of particular concern because the input of nutrients provided by tides is within the photic zone and so can be utilized by phytoplankton. This becomes even more obvious by noting that the nutrients' transports in TID are even greater with respect to those in REF when computed in the upper part of the photic zone (248 < z < 0; Figures 10c and  10d) , where high levels of light can further stimulate phytoplankton growth. The tidal pumping of nutrients from the sill is therefore a clear candidate to explain the increase of biomass and productivity obtained in the TID simulation.
Tides and Tidal-Related Processes in the AS
It is also feasible that the different biological patterns of the TID and REF runs are accounted for, at least partially, by local tidal currents in the AS, rather than in the adjacent SoG. For instance, a distinctive feature of the tidal experiment is the internal tide that progresses eastward through the SoG into the AS after being generated in the Camarinal Sill (Figure 8 ). Such internal waves induce large vertical velocities (Figure 11 ) that can potentially modify phytoplankton growth by exposing it to different levels of irradiance through vertical advection. Another tidal-related process that bears consideration refers to lateral boundary flows. S anchez-Garrido et al. [2013] found that the back and forth motion of tides generate shear vorticity on the strait's lateral boundary layers (positive on the north, negative on the south) that can lead to a wake of coherent submesoscale eddies carried by the Atlantic jet [see also La-Violette, 1984] . The flow along the wake is very ageostrophic and can stimulate productivity, much like observed in island wakes [Hammer and Hauri, 1981 ; Hern andez-Le on, 1991; Hasegawa et al., 2004] .
In order to clarify whether these processes are biologically relevant, a third experiment has been conducted in which the physics is as in the REF run but with modified ecosystem equations so that biochemical tracers are nudged toward their TID values within the SoG. Specifically, a Newtonian nudging term s 21 ðB2B tid Þ was added to the right-hand side of equation (1), where B tid denotes the value of the biochemical tracer obtained in the tidal simulation (daily mean fields) and s is the relaxation time scale. For a sufficiently small s, the nudging term acts more like a forcing rather than a relaxation term, forcing the tracer to lie very close to B tid during the calculations. The nudging term is only included within the SoG and a small relaxation time scale is set, s 5 2 h. With this constraint, nutrients concentration and the corresponding transports through the SoG in the new run are very similar to those obtained in TID, approximately following the low-pass curves of Figure 10 (not shown). Note, however, that even if the transports are maintained as in TID, the circulation is nontidal and therefore vertical fluxes driven by internal waves, eddies, or any other tidal-related process occurring in the AS are now inhibited. As such, this experimental strategy allows us to distinguish between biological effects resulting from (i) the increase of nutrient transports through the SoG and (ii) tidally driven flows in the AS itself.
The mean PP int obtained in the nudging experiment is shown in Figure 12 . As tidal forcing is suppressed in this experiment, the surface structures (suggested by the PP int distribution) in the AS resemble those found African coast. Both differences are ascribed to the different advection/diffusion of the biochemical tracers in the TID and nudging runs. Despite these differences, the comparison of Figures 5 and 12b strongly suggests that (i) is the prevailing mechanism for the tidally driven increase of biomass and productivity.
Discussion and Conclusions
The results of this paper highlight the important role of tides for maintaining the high productivity of the AS, as compared with the rest of Mediterranean subbasins. The tidal dynamics of the flow through the SoG, with the resulting pumping of nutrient-rich water from depth to the sunlit surface layer is the key process that explains the increase of biomass and productivity in the tidal simulation. The nutrient supply provided by tides does not cause, however, a substantial growth of phytoplankton within the strait itself (see Figure  5d ), a fact that agrees with the findings of Mac ıas et al. [2007b] and that we ascribe to the short residence time of the cells within the channel. The distance from the Camarinal Sill to the eastern mouth of the SoG is 40 km and a typical along-strait velocity is 1.5 m s 21 , which gives a residence time of % 7:5 h, too short indeed for a noticeable increase of biomass (phytoplankton growth rate is no greater than 2.5 day 21 ), initially scarce at the western side of the SoG except for a limited region of its north coast. It is not until the bulk of nutrients is carried into the AS that it has an apparent impact on biochemistry, especially in the western half of the basin where it accounts for as much as a PP int increase of 60%. By contrast, the eastern AS is barely affected by such nutrient supply which suggests that the input of nutrients coming from the SoG is consumed by phytoplankton in the western half of the basin. This is particularly true for the region of the NWAS where the maintenance of its nutrient-rich waters and elevated biomass concentration has been so far attributed to its upwelling dynamics [Garc ıa-Gorriz and Carr, 1999; Sarhan et al., 2000] .
By conducting an idealized experiment in which biochemical tracers (and associated transports) were locally restored to their tidal values within the SoG, local processes occurring in the AS have been ruled out from being responsible for the increase of biomass and productivity resulting in the tidal simulation. A prominent feature of the AS is the large internal tides that propagate in the basin, which however were found to play a negligible role on the ecosystem. While the model captures well the propagation of internal tides (of % 50 km wavelength) in open waters and so also the associated vertical advection of biochemical tracers, smaller-scale features and processes such as short solitary waves evolving from the baroclinic bore generated in the strait's sill and their expected wave-breaking over shelf areas of the AS are not resolved in the simulation. It is then likely that internal waves can actually be more relevant over coastal regions that our model suggests.
A delicate point implicit in our results lies in the ability of the model to reproduce a realistic tidal dynamic and associated mixing in the SoG. The application of a high-resolution model configuration is necessary to achieve this but does not necessarily guarantees a satisfactory outcome. Of particular concern are the resulting nutrient transports that largely determine the biological response in the adjacent AS. The assessment of the validity of our results requires the comparison with estimates based on the scarce field observations collected in the area, like those included in the paper by Huertas et al. [2009] . These authors estimate a mean nitrate and phosphate transports of 2.59 and 0.21 kmol s
21
, respectively, which agree quite well with the values obtained in the TID simulation (2.28 and 0.20 kmol s
; see Figure 10 ) and exceed those of REF. Regional ocean models of the Mediterranean do not typically incorporate tidal forcing as it is generally assumed to have minor effects on the circulation and therefore also on biochemistry. This is not true for some locations and the AS is one example in light of the results presented herein. Attention needs to be paid to the transports obtained in these models as the simulated inflowing waters can be less nutrient-rich than they actually are.
The last remark concerns implications of our results for the future in which a decline of marine PP is expected for the low and midlatitude ocean, including the Mediterranean [Steinacher et al., 2010] . The decline is related to enhanced stratification and reduced mixed layer depth by the end of the 21st century, which limits vertical fluxes of nutrients into the euphotic zone. In such scenarios, dynamical regions with strong energy sources such those originating from tides are expected to be less vulnerable, as it can be the case of the AS. description of the model theoretical background, equations, and parametrizations; here we only outline the basic features and details of our setup. The two types of phytoplankton consist of a large organism with the ability to rapidly develop in situations of abundant nutrient supply, and a smaller class adapted to lownutrient conditions. In our configuration, the inorganic forms of nitrogen and phosphorus nourish the two phytoplankton types. There is also a large and a small zooplankton that preferentially graze on the large and the small phytoplankton, respectively, although can also graze on the other. Two maximum grazing rates g max are therefore defined and their given values will be specified later. Mortality of and excretion from the plankton community as well as sloppy feeding by zooplankton contribute to a sinking particulate and dissolved organic matter that eventually transform into inorganic forms by remineralization.
The local tendency for each phytoplankton depends upon advection and diffusion determined by the circulation model, grazing, intrinsic mortality rate, sinking speed, and a growth term depending upon environmental conditions. The latter is written as
where l maxj is the maximum intrinsic growth rate and c T j ; c I j ; c N j are nondimensional factors that modify l maxj due to ambient temperature, light, and nutrient availability, respectively. Subscript j refers to the phytoplankton type, with j 5 1 for the large type and j 5 2 for the small type. Primary productivity is P j l j P j , where P denotes phytoplankton concentration.
The temperature modification of the growth rate is
where T is the local ocean temperature, coefficient A regulates the shape of the curve, and s 1 and s 2 normalize the maximum value of the modification function.
Light modification is parametrized as where I is the local vertical flux of photosynthetically active radiation (PAR), k parj defines the increase of growth rate with light at low levels of irradiation, and k inhibj regulates the rapidity of the decline of growth efficiency due to photoinhibition. The coefficient F max is chosen as to normalize the maximum value of c I j to unity, whereas the local PAR has been attenuated through the water column including the effects of shelf-shading: with j PO4 the half-saturation constant for phytoplankton type j with respect to the ambient concentration of phosphate. The model resolves three potential sources of inorganic nitrogen (ammonium, nitrite, and nitrate) and in our configuration phytoplankton is able to assimilate all of them. The effect of nitrogen concentration on the grow rate is modified as follows in order to reflect the inhibition of nitrate and nitrite uptake due to ammonium Table A1 displays the values of the described parameters together with the most relevant ones involved in zooplankton and detritus equations. Plankton-size-independent parameters are the same as in Follows et al. [2007] and Dutkiewicz et al. [2009] , whereas size-dependent parameters are in the range of small and large plankton given in these papers and elsewhere in the literature. 
